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Edited by Hans EklundAbstract The Leader protein is a deﬁning feature of picornav-
iruses from the Cardiovirus genus. This protein was recently
shown to inhibit cellular nucleocytoplasmic transport through
an activity mapped to its zinc-binding region. Here we report
the three-dimensional solution structure determined by nuclear
magnetic resonance (NMR) spectroscopy of this domain (resi-
dues 5–28) from mengovirus. The domain forms a CHCC zinc-
ﬁnger with a fold comprising a b-hairpin followed by a short
a-helix that can adopt two diﬀerent conformations. This struc-
ture is divergent from those of other eukaryotic zinc-ﬁngers
and instead resembles motifs found in a group of DNA-binding
proteins from Archaea.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The presence of a Leader protein (L) is arguably one of the
most variable features of the Picornaviridae proteome [1]. De-
ﬁned as a non-structural gene product at the amino-terminal
end of the viral polyprotein, of the nine picornavirus genera,
L is encoded by only ﬁve: Aphthoviruses, Cardioviruses, Erbovi-
ruses, Kobuviruses, and Teschoviruses. The primary sequence
and function of this protein varies greatly among these groups.
The best characterized L is from aphthoviruses, where the pro-
tein is a papain-like protease known to excise itself from theAbbreviations: EMCV, encephalomyocarditis virus; GDP, guanosine
diphosphate; GST, glutathione S-transferase; GTP, guanosine tri-
phosphate; L, Leader protein; LM, Leader protein from Mengovirus;
MALDI-MS, matrix assisted laser desorption ionization- mass spec-
trometry; NLS, nuclear localization signal; NMR, nuclear magnetic
resonance; rmsd, root mean square deviation; SDS–PAGE, sodium
dodecyl sulfate–polyacrylamide gel electrophoresis; TMEV, Theilers
murine encephalomyocarditis virus
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doi:10.1016/j.febslet.2008.02.023viral polyprotein and then to induce shutoﬀ of host (cap-
dependent) translation by cleaving the translation initiation
factor eIF-4G [2]. By contrast, cardiovirus L abrogates host
anti-viral response by interfering with nucleo-cytoplasmic
transport [3–5]. The varied functions of these particular non-
structural proteins are of great current interest to the ﬁeld of
virology as they represent unique adaptations of anti-host
activities among a group of otherwise highly related viruses.
In cardioviruses, L is a small (8 kDa), highly acidic protein
with two putative structural domains. The amino-terminal por-
tion has a CHCC motif that coordinates zinc [6] in a manner
similar to the canonical CCHH and CCHC zinc-ﬁnger motifs.
The carboxyl-portion of L is highly enriched in acidic residues
and has several potential Tyr or Thr phosphorylation sites.
Regardless of the explicit structure, the presence of two poten-
tial molecular interaction motifs within cardioviral L has led to
the hypothesis that this protein may exert its functions through
direct interactions with speciﬁc molecular partners within in-
fected cells. Recent activity studies with viruses and recombi-
nant proteins have supported this prediction [3,5].
Cardioviruses of the Theilovirus species (TMEV) andEnceph-
alomyocarditis virus species (EMCV) share only about 50%
identity, although the conserved residues always include those
responsible for zinc-binding and an acidic carboxy-terminal re-
gion. Infection with wild-type EMCV or TMEV causes a rapid
and signiﬁcant change in nucleo-cytoplasmic traﬃc. The pres-
ence of a functional L [3–5] leads to a dramatic inhibition of
mRNA export and a redistribution of nuclear-targeted proteins
to the cytoplasm. Cardioviruses with defective L sequences
have attenuated growth phenotypes, and particularly for
TMEV, also promote an increased innate immune response
from the host [4]. Studies of native and recombinant L proteins
from EMCV have mapped this activity to the zinc-ﬁnger region
and further demonstrated a direct binding interaction between
this motif and Ran GTPase, the crucial regulatory protein at
the core of all protein and nucleic acid traﬃcking pathways into
and out of the nucleus [5].
Here, we describe the nuclear magnetic resonance (NMR)
structure of residues 5–28 of the 67 amino-acid Leader protein
from Mengovirus (LM), a strain of EMCV. This is the ﬁrst re-
port of a three-dimensional structure for any cardioviral L pro-
tein. The structured region contains the CHCC zinc-ﬁnger
motif (positions 10, 12, 19, and 22, respectively, in the se-
quence) shown to be responsible for inhibiting nucleo-cytoplas-
mic traﬃcking activity. Although the samples studied by NMR
consisted of 71 residues (the 67-residue LM plus a 4-residueblished by Elsevier B.V. All rights reserved.
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sample used for the structure determination exhibited no sig-
nals from the C-terminus or from the 7 N-terminal residues
(including the 4-residue tag). Signals were assigned only to res-
idues 4–32, and NOEs were detected only from residues 5–28.
Thus, the structure determined was only for the zinc-ﬁnger do-
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Fig. 1. 1H–15N HSQC spectrum of the LM protein: Assigned signals
are indicated, including the doubled peaks assigned to residues 6–9,
15–17, and 21–24. Amide peaks are denoted by black lines and labels.
Side chain peaks from Gln and Asn are indicated by cyan lines and
labels. The amide and side chain peaks from the second conformer are
indicated by red lines.2. Methods
2.1. Production of isotope labeled Leader
The L coding region of mengovirus, LM, was ampliﬁed from the vir-
al cDNA, pMwt, [7] by use of Pfu polymerase (Stratagene, La Jolla,
CA ) and ﬂanking primers (5 0-AATGGCTACAACCATGGAACAA-
GAG-3 0 and 5 0-TCACTATTGTGTCTCGAACACAAC-3 0). The
amplicon was ligated into bacterial expression plasmid, pET41b
(EMD Biosciences, La Jolla, CA), which had been digested with MfeI.
The resultant plasmid, pGST-LM encoded LM as a glutathione S-trans-
ferase (GST) fusion protein. Labeled (15N/13C) GST-LM was produced
from transformed BL-21(DE3) cells grown at 15 C in 15N/13C M9
medium (42.3 mM Na2HPO4, 22.0 mM KH2PO4, 8.5 mM NaCl,
18.3 mM 15NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, 10 lM ZnCl2,
0.2% 13C6-D-glucose w/v, 50 lg/ml kanamycin, pH 7.4), induced with
isopropyl-beta-D-thiogalactopyranoside at a ﬁnal concentration of
1 mM, and harvested after 20 h.
2.2. Protein puriﬁcation and NMR sample preparation
Bacterial cell pellets were resuspended in harvest buﬀer (50 mM Tris,
125 mMNaCl, 10 lM zinc chloride, 5% v/v glycerol, 1 mM PMSF, pH
7.5), lysed with hen egg white lysozyme (0.33 mg/ml ﬁnal concentra-
tion), and sonicated. Lysates were subjected to centrifugation
(45 min at 20,000 · g), and the resulting supernatant was ﬁltered
(0.2 lm). GST-LM was puriﬁed from these lysates using glutathione
Sepharose HP resin (GE Biosciences, Piscataway, NJ). LM was cleaved
from the GST tag by on-column digestion with biotinylated thrombin
(Novagen, Madison, WI). The resulting protein was full length (i.e., 71
residues long, including a 4-residue vector-encoded sequence at the
amino terminus, GSTA). Thrombin was removed from samples by
reaction with streptavidin agarose beads (Novagen, Madison, WI).
The labeled LM protein, [U–
13C, U–15N]-LM, was concentrated (to
0.5 mM) with a buﬀer exchange by using 5 kDa MWCO Amicon ul-
tra-centrifugal concentrators (Millipore, Billerica, MA) prior to
NMR analysis.
The molecular weight of LM was conﬁrmed by matrix assisted laser
desorption ionization- mass spectrometry (MALDI-MS) using a Bru-
ker BIFLEX III mass spectrometer. Purity (90%) was determined
by densitometry of sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE); resolved LM was detected with SyPro Ruby
protein stain (Invitrogen, Carlsbad, CA).
2.3. NMR data collection and processing
NMR data were acquired at 25 C on a 280 ll sample in a 5 mm Shi-
gemi tube. The sample contained 0.5 mM [U–15N, U–13C]-protein,
10 mM Bis–Tris, 100 mM NaCl, 0.05 mM ZnCl2, 5 mM DTT, and
0.04% NaN3 in 93% H2O/7%
2H2O, with the pH adjusted to 7.0.
[1H–15N] HSQC, HNCO, HNCA, CCONH, HCCONH, HCCH-
TOCSY, 3D 15N-NOESY (tmix = 150 ms) and 3D
13C-NOESY
(tmix = 140 ms) spectra were collected on Varian INOVA 600 and
800 spectrometers equipped with cryogenic probes. NMRPipe soft-
ware [8] was used to process the NMR data.3. Results and discussion
3.1. Determination of secondary structure and derivation of
structural constraints
Puriﬁed [U–13C, U–15N]-LM, which contains the 67 residue
Leader plus four vector-encoded residues at the amino termi-
nus (Gly-Ser-Thr-Ala), was prepared for NMR analysis. A[1H–15N] HSQC spectrum recorded immediately following
puriﬁcation and sample preparation exhibited 32 amide
cross-peaks (Fig. 1). Although backbone signals from residues
1–32 could be assigned, only signals from a continuous 24 res-
idue stretch (corresponding to residues 5–28, which include the
zinc-ﬁnger) were observed in the NOESY spectra. Despite the
lack of signals from the C-terminal region, the zinc-ﬁnger do-
main remained stable throughout data collection and could be
analyzed fully. Resonance assignments for 90% of the back-
bone and side chain within this 24 residue stretch were ob-
tained using the PIPP/STAPP software [9]. The assigned
signals (Fig. 1) included a set of doubled peaks (corresponding
to residues 6–9, 15–17, and 21–24), indicative of two confor-
mations in slow exchange on the NMR chemical shift time
scale (lifetimes >1 ms).
The average steady-state 15N-[1H] nuclear Overhauser eﬀect
(het-NOE) values suggested that the Zn-ﬁnger domain is struc-
tured between residue 8 and 24 (Fig. 2B). Residues on either
side of this structured region had NOE values between 0.4
and 1.5 indicative of disorder. These results agree reasonably
well with the ordered region (residues 10–39) predicted by the
PONDR– VL3 algorithm [10] for the LM sequence (Fig. 2A).
The TALOS program [11] was used to provide 9 pairs of //w
backbone torsion angle constraints and to identify the second-
ary structural elements. The distribution of secondary chemical
shifts revealed by TALOS conﬁrmed that only the 8–24 region is
clearly ordered and suggested the presence of two short helices
(comprising residues 16–18 and 21–24); chemical shifts for the
rest of the sequence were close to random coil values. The helical
regions were supported by characteristic NOE patterns (Fig. 3)
and allowed one hydrogen bond constraint to be inferred [12].
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Fig. 2. Comparison of observed and predicted disorder in LM. (A) Steady-state
15N-[1H] nuclear Overhauser eﬀect, het-NOE results. (B) PONDR
VL3 analysis of LM. The primary sequence of LM is shown above the PONDR VL3 algorithm output. Ordered regions correspond to those with het-
NOE values P 0.5. The zinc-ﬁnger residues shown in green are highly ordered in the NMR data set.
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into a continuous distribution of interproton distance con-
straints, with a 40% distance error applied to account for spin
diﬀusion. A total of 279 conventional interproton distance
constraints, including 75 sequential (ji  jj = 1), 40 short-range
(1 < ji  jj 6 5), and 10 long-range (ji  jj > 5) constraints
were incorporated. In addition, 18 dihedral angles and two
hydrogen bond constraints were used for structure calculations
(Structural Statistics Table available in Supplementary mate-
rial).
3.2. Structure description and comparison to other zinc-ﬁngers
The LM structure calculations were carried out using CYA-
NA [13]. A Zn atom was added to the CYANA library as a
replacement for the Hc of residue Cys10, and speciﬁc distance
constraints were imposed for the Zn(II) coordination by resi-
dues Cys10, Cys19, Cys22, and His12. Small 2- and 3-bond J
couplings (12 Hz, 2 Hz) [14] observed in a long-range 15NHSQC spectrum, provided connectivities between 1H and
15N atoms in the ring of the single His residue of MengoL.
The observed Ne2–He1, Ne2–Hd2, and Nd1–He1 cross peaks
clearly established the presence of the Nd1–H tautomer. These
results, along with the 15Ne2 (239.4 ppm) and 15Nd1
(169.1 ppm) chemical shifts, indicated that the zinc ion is coor-
dinated to Ne2.
The superposition of the 20 lowest-energy conformers is
shown in Fig. 4A. The root mean square deviation (rmsd)
for the 20 lowest-energy conformers (over residues 9–23) was
0.67 A˚ for backbone atoms and 1.10 A˚ for all heavy atoms.
The CYANA target function was 5.49 ± 0.42. The fold con-
sists of a b-hairpin (residues 9–14) followed by a short a-helix
(residues 19–23). The ﬁnal bundle could be interpreted in terms
of two conformers (Fig. 4B). Although the doubled chemical
shifts clearly imply the existence of a second conformation,
we were unable to determine separate sets of constraints for
these species for the purpose of reﬁning the two conformers
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Fig. 3. Summary of (A) local NOE connectivities, (B) 13Ca and 13Cb
secondary shifts, and (C) secondary structural elements for the
backbone atoms of LM plotted as a function of the amino acid
sequence.
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were observed only from signals from residues 6–8). Therefore,
we are unable to determine whether the apparent separate con-
formers in the family of calculated structures represent the two
species observed on the basis of chemical shift doubling or are
simply a calculation artifact resulting from sparse structural
constraints.
The backbone rmsd values were 0.06 and 0.25 A˚ for theminor
and the major conformers, respectively; and the all heavy atom
rmsd values were 0.52 and 0.73 A˚ for the minor and the majorFig. 4. (A) Ensemble of the 20 lowest-energy backbone conformers of LM, w
conformers appear to segregate into two forms: one with residues 16–18 in a
separate NOE constraints could not be determined for the sets of doubled p
density of constraints.conformers, respectively. Residues 16–18 form a 310-helix in
the major conformer but are non-helical in the minor con-
former. The possibility of cis–trans heterogeneity at the
Cys19-Pro20 peptide bond was examined and excluded on the
basis of a strong sequential dad NOE (present only in trans
Cys-Pro) and on the Pro Cc–Cb chemical shift diﬀerence of
4.92 ppm representing a trans probability of 99.9% as calcu-
lated by the POP proline conformation prediction program [15].
The CHCC domain of LM presents a number of features
characteristic of the bba fold of a classical zinc-ﬁnger: the ﬁrst
cysteine residue (Cys10) of the CHCC motif is located on a b-
strand; the histidine (His12) is in the hairpin connecting the two
irregular b-strands; and the other 2 cysteine ligands (Cys19 and
Cys22) are on the a-helix. However, the non-consensus CHCC
motif, conserved in all cardioviruses, is rather uncommon
among the zinc-ﬁnger proteins. VAST, DALI and BLASTp
searches did not yield any similar structures, suggesting that
LM may represent a new fold. A more comprehensive PDB
search yielded one related structure: a 30-residue synthetic pep-
tide containing the C-terminal Zn ﬁnger domain (with CCHH
motif) of a human enhancer binding protein (PDB ID:
4ZNF) [16]. However, the length of the b-hairpin and the rela-
tive positions of the amino acids coordinating the Zn atom to
the a-helix are clearly diﬀerent in the two structures.
At the sequence level, the LM zinc-ﬁnger bears a striking
resemblance to the DNA primase zinc-binding domain (resi-
dues 106–117) from the marine archaeon, Pyrococcus furiosus
(PDB ID: 1G71) [17]. The spacing of the zinc-coordinating res-
idues in the primase (C-X-H-X5-C-X2-C) is nearly identical to
that of LM (C-X-H-X6-C-X2-C) with an additional common-
ality in the conservation of a Pro residue following the second
Cys residue. In both structures, the CXH residues of the zinc-
ﬁnger part are on a loop, and the CPXC residues are helical.
Structural alignment of the two proteins to overlay the Zn
coordinating residues reveals a clear diﬀerence in the orienta-
tion of the helix relative to the loop. The loop in 1G71 ishich represent the three-dimensional structure of the protein. (B) The
310 helix, and one with residues 16–18 non-helical. However, because
eaks, the two structural states may simply be and artifact of the low
900 C.C. Cornilescu et al. / FEBS Letters 582 (2008) 896–900one residue shorter and does not form a tight beta hairpin as it
does in LM.
Other zinc ﬁngers with similar C-X2-H-Xn-C-X2-C se-
quence were found in archaeal and eukaryotic transcription
factors B, IIB, and IIS (including Pyrococcus furiosus tran-
scription factor B – Pf TFB) and Thermococcus celer RNA
polymerase II subunit. The structure of one of these proteins
revealed a fold with a nearly tetrahedral Zn-(CHCC) site con-
ﬁned by a conserved motif consisting of a type I turn, a ‘‘rubre-
doxin’’ turn and three anti-parallel b-strands [18]. The same
CHCC coordination (but with a clearly diﬀerent Zn ﬁnger
topology) is also found in the second zinc-ﬁnger of the RING
ﬁnger domains (implicated in ubiquitin-mediated proteolysis),
which binds two Zn(II) in an interleaved manner [19].
Recent studies have shown that NMR signals from the C-
terminal residues appear in a sample treated with EDTA to re-
move metals and reconstituted with Zn2+. This suggests that
(paramagnetic) metal binding, accounts for the missing signals
in the current study. Preliminary relaxation studies with 15N
labeled protein suggest that the highly acidic C-terminus is dis-
ordered as predicted by the PONDR-VL3 algorithm (Fig. 2B).
It is possible that LM adopts a stable conformation only upon
interaction with the functional cognate of L, Ran GTPase, or
upon phosphorylation of key residues within this domain.
3.3. Data deposition
The atomic coordinates have been deposited in the Protein
Data Bank, www.pdb.org (PDB ID code 2BAI) and the
NMR data in the BioMagResBank (BMRB access code 6863).
Acknowledgements: The authors thank Dr. Min S. Lee for his helpful
suggestions in optimizing the conditions for NMR analysis. This work
was supported by grants P50 GM64598 and U54 GM074901 from the
Protein Structure Initiative of the National Institute for General Med-
ical Sciences to JLM, and National Institutes of Health grant AI-17331
to ACP. NMR data were collected at the National Magnetic Reso-
nance Facility at Madison, which is supported by National Institutes
of Health grants P41RR02301 (Biomedical Research Technology Pro-
gram, National Center for Research Resources) and P41GM66326
(National Institute of General Medical Sciences).Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febs-
let.2008.02.023.
References
[1] Palmenberg, A.C. and Sgro, J.-Y. (2002) in: The Molecular
Biology of Picornaviruses (Semler, B.L. and Wimmer, E., Eds.),
ASM Press, Washington, DC.[2] Gustin, K.E. (2003) Inhibition of nucleo-cytoplasmic traﬃcking
by RNA viruses: targeting the nuclear pore complex. Virus Res.
95, 35–44.
[3] Lidsky, P.L. et al. (2006) Nucleo-cytoplasmic traﬃc disorder
induced by cardioviruses. J. Virol. 80, 2705–2717.
[4] Delhaye, S., van Pesch, V. and Michiels, T. (2004) The leader
protein of Theilers virus interferes with nucleocytoplasmic
traﬃcking of cellular proteins. J. Virol. 78, 4357–4362.
[5] Porter, F.W., Bochkov, Y., Albee, A.J., Wiese, C. and Palmen-
berg, A.C. (2006) A picornavirus protein disrupts nucleocyto-
plasmic transport by targeting Ran GTPase. Proc. Nat. Acad. Sci.
USA 103, 12417–12422.
[6] Dvorak, C.M.T., Hall, D.J., Hill, M., Riddle, M., Pranter, A.,
Dillman, J., Deibel, M. and Palmenberg, A.C. (2001) Leader
protein of encephalomyocarditis virus binds zinc, is phosphory-
lated during viral infection and aﬀects the eﬃciency of genome
translation. Virology 290, 261–271.
[7] Martin, L.R., Duke, G.M., Osorio, J.E., Hall, D.J. and Palmen-
berg, A.C. (1996) Mutational analysis of the Mengovirus poly(C)
tract and surrounding heteropolymeric sequences. J. Virol. 70,
2027–2031.
[8] Delaglio, F., Grzesiek, S., Vuister, G.W., Zhu, G., Pfeifer, J. and
Bax, A. (1995) NMRPipe: a multidimensional spectral processing
system based on UNIX pipes. J. Biomol. NMR 6, 277–293.
[9] Garrett, D.S., Powers, R., Gronenborn, A.M. and Clore, G.M.
(1991) A common sense approach to peak picking in two-, three-
and four-dimensional spectra using automatic computer analysis
of contour diagrams. J. Magn. Reson. 95, 214–220.
[10] Radivojac, P., Obradovic, Z., Brown, C.J. and Dunker, A.K.
(2003) Prediction of boundaries between intrinsically ordered and
disordered protein regions. Pac. Symp. Biocomput. 8, 216–
227.
[11] Cornilescu, G., Delaglio, F. and Bax, A. (1999) Protein backbone
angle restraints from searching a database for chemical shift and
sequence homology. J. Biomol. NMR 13, 289–302.
[12] Wu¨thrich, K. (1986) NMR of Proteins and Nucleic Acids, Wiley
Interscience, New York, NY.
[13] Guntert, P. (2004) Automated NMR structure calculation with
CYANA. Methods Mol. Biol. 278, 353–378.
[14] Pelton, J.G., Torchia, D.A., Meadow, N.D. and Roseman, S.
(1993) Tautomeric states of the active-site histidines of phosphor-
ylated and unphosphorylated IIIGlc, a signal-transducing protein
from Escherichia coli, using two-dimensional heteronuclear NMR
techniques. Protein Sci. 2, 543–558.
[15] Schubert, M., Labudde, D., Oschkinat, H. and Schmieder, P.
(2002) A software tool for the prediction of Xaa-Pro peptide bond
conformations in proteins based on 13C chemical shift statistics. J.
Biomol. NMR 24, 149–154.
[16] Omichinski, J.G., Clore, G.M., Appella, E., Sakaguchi, K. and
Gronenborn, A.M. (1990) High-resolution three-dimensional
structure of a single zinc ﬁnger from a human enhancer binding
protein in solution. Biochemistry 29, 9324–9334.
[17] Augustin, M.A., Huber, R. and Kaiser, J.T. (2001) Crystal
structure of a DNA-dependent RNA polymerase (DNA primase).
Nature Struct. Biol. 8, 57–61.
[18] Chen, H.T., Legault, P., Glushka, J., Omichinski, J.G. and Scott,
R.A. (2000) Structure of a (Cys3His) zinc ribbon, a ubiquitous
motif in archaeal and eucaryal transcription. Protein Sci. 9, 1743–
1752.
[19] Barlow, P.N., Luisi, B., Milner, A., Elliot, M. and Everett, R.
(1994) Structure of the C3HC4 domain by 1H-nuclear magnetic
resonance spectroscopy. A new structural class of zinc-ﬁnger. J.
Mol. Biol. 237, 201–211.
